The Er 2 O 3 layer fabricated by MOCVD method on SUS316 substrates before and after hydrogen permeation test were investigated to know their surface morphology and structure by SEM and TEM. The surface morphology of this layer was granular structure with size of about 0.30.6 µm in diameter. According to the cross sectional TEM (X-TEM) observation, the Er 2 O 3 layer with 11.3 µm thickness was formed on SUS316 substrate by MOCVD method in this research and no remarkable defects or cracks were detected. The Er 2 O 3 layer had the columnar structure and their mean width was 0.30.5 µm, and it is also in good agreement with mean width of a single column measured by TEM observation. The growth direction of Er 2 O 3 column was ©110ª Er2O3 , which is the same with as each sample before and after hydrogen permeation test, it strongly suggested that the Er 2 O 3 is a better candidate material for insulating coating of a liquid lithium blanket.
Introduction
There is the ITER project to introduce fusion plasma reactor for the next generation, and many related research projects are also proceeding to develop new system in Japan.
1) The magnetic confinement typed fusion reactor system will be mainly constructed by high magnetic field superconducting magnet system, vacuum vessel, plasma heating instrument, tritium breeding and shielding blanket system and so on. In the breeding blanket system, there are three kinds of tritium breeding methods, which are Solid (Li 2 TiO 3 ), liquid metal lithium (Li or Pb-Li) and fluoride molten salts (FLiNaK or FLiBe). The Magneto-HydroDynamic (MHD) pressure drop is a critical issue for liquid metal breeding blanket systems. 2, 3) An electrical potential is induced in liquid metal flowing in a duct and channel perpendicular to a magnetic field.
4) The electric current which induced in the liquid metal is short-circuited in the liquid metal. The interaction between electric current and magnetic field generates Lorentz force, and this force is applied against the liquid metal flow direction. 4) An electrically insulating coating with oxide ceramics is one of the attractive methods for reducing the MHD pressure drop due to the restraining of the Lorentz force. Because a ceramic material has higher electrical resistivity in order to cut the interaction between electric current and magnetic field.
Some ceramic materials such as CaO, Y 2 O 3 , CaZrO 3 , AlN and Er 2 O 3 have been studied as candidates for the insulator coating. 5, 6) The electrical insulator materials for liquid metal breeding blanket system are required thermal stability for high temperature above 800°C, hydrogen permeation, corrosion resistance for liquid Li and Pb-Li.
2) Erbium oxide (Er 2 O 3 ) was selected as one of the best candidate materials for insulating coating because of high compatibility with liquid Li and high electrical resistivity. 5 10, 11) MOCVD process is a vapor phase epitaxy growth which is synthesized via vapor phase from metal organic complex, and is very easy technique to form homogeneous coating layer on the broad and complex shaped area. Various characterization of the Er 2 O 3 coating via MOCVD process has been showed lower roughness of coating surface and adhesion strength for nanoscratch test. 12) In the view point of practical usage, hydrogen permeation property of Er 2 O 3 coating is also one of the important factors to apply the insulator coating for the advanced breeding blanket system.
In this study, we investigated that surface morphology and microstructure before and after hydrogen permeation test of the Er 2 O 3 coating which formed on Stainless steel 316 (SUS316) substrate using MOCVD process.
Experimental
Er 2 O 3 coating samples on SUS 316 substrates were fabricated by the MOCVD apparatus in National Institute for Fusion Science (NIFS). 10, 11) MOCVD apparatus in NIFS consists of three main components such as a vaporizer, a gold furnace typed quartz tube reactor and an exhaust system. The metal organic complex was vaporized in the vaporizer and introduced into the reactor by the argon carrier gas. All supplying gas lines were heated at 523 K by the ribbon heater to prevent the metal organic complex solidification. The vaporized complex reacted with oxygen gas in the reactor and then metal oxide layer was grown on the substrate by the phase epitaxial growth process. In this study, the Er(IBPM) 3 (isobutyrylpivaloylmethane) complex, which was one of the ¢-diketone complexes, was selected because of the lower melting point and better pyrolysis behavior compared with the Er(DPM) 3 complex.
10) The substrate was used a commercial SUS316 disc plate, it was placed into the temperature plateau region of the reactor. The size of metal substrate was 17 mm for the diameter and 1 mm for the thickness. MOCVD process is controlled by the deposition pressure, the mass flowing rates of complex carrier and oxygen gases and deposition conditions such as temperature and time. The deposition pressure was 30 torr. The mass flowing rates of complex carrier and oxygen gases were fixed to 300 and 50 sccm, respectively. The deposition condition was 773 K for 3 hours.
The hydrogen permeation test was performed by the following as, the coating sample was set between the high pressure and low pressure chamber (high pressure side; coating surface, low pressure side; SUS316 substrate).
13) The hydrogen penetrated slowly from high to low pressure side chamber. Hydrogen gas of 440 kPa was introduced in the high pressure chamber and the amount of hydrogen permeation to the low pressure chamber was evaluated from the magnitude of the response of the quadrupole mass spectrometer (QMS). The measurement was performed at 723923 K.
After the hydrogen permeation test, the sample discs took out from the machine, and provided for analysis of microstructure or the hydrogen permeation test. Scanning, transmission, and scanning-transmission electron microscopes (SEM (Hitachi S3500), TEM (Topcon EM-002B), STEM (Hitachi HD7200)) were used for analysis of microstructure in samples.
Small tips of cross sectional TEM (X-TEM) samples for TEM observation were prepared perpendicular to the sample surface and parallel to gas flow on MOCVD by FIB method. FIB was Hitachi FB-2100. The dimension of small tip of X-TEM sample was about 12 µm © 2 µm, and its thickness is less than 100 nm. The accelerating voltage of FIB was 40 kV, Ga+ ion beam size was 520 µm in the first for rough milling, and then changed to the smallest beam size of 15 µm for final gentle milling.
Results and Discussions

Surface morphology of samples by optical and SE
microscopy Discs for samples fabricated by MOCVD method were observed by optical microscopes. In Fig. 1(a) and (d), the gas flows were indicted by white arrows in each figure.
According to the XRD analysis in the previous report, only Er 2 O 3 phases can be detected and no other oxides exist on these samples. 12) A rainbow reflection is corresponding by the difference of thickness of Er 2 O 3 film for each sample, and it depends on the direction of gas flow. SEM images of Fig. 1 (e) and (f ), a sample after hydrogen permeation test shows larger size of particles on the sample than those in a sample before that test of Fig. 1(b) and (c) . The mean size of particles on the former and latter ones were about 0.31 and 0.59 nm, respectively. It will be probably the grain grows during those tests because of the temperature increasing about 773 K. 3.2 Cross sectional samples for TEM prepared by FIB method Samples before and after hydrogen permeation test were cut for TEM sample by FIB method to prepare X-TEM sample. Figure 2 shows their TEM images. Three layers of SUS substrate, Er 2 O 3 and white layer between them can be seen in Fig. 2(a) and (c) . The thickness of Er 2 O 3 layer for both samples were almost the same as about 11.3 µm to each other, (in detail, 0.9 « 0.1 µm before test and 1.3 « 0.2 µm after test). The columnar structure can be seen in the Er 2 O 3 layer in each sample and its width was 0.26 µm and 0.54 µm for the samples before and after hydrogen permeation test, respectively, and it is also the similar to the particle size on the surface obtained for each sample by SEM in Fig. 1 . The detailed observation of interface between the Er 2 O 3 and the substrate was performed for each sample. The growth direction of Er 2 O 3 columns for each sample on X-TEM image was mostly parallel to the same direction of ©110ª Er2O3 . This is in the good agreement with reports for Er 2 O 3 thin films on the Si (001) substrate which has the crystallographic relationship with (110) Er2O3 plane, 14, 15) because of small misfit between those crystal planes. Figure 3 (a) and (b) show enlarged pictures marked by white dotted squares in Fig. 2(a) and (c) . These are clearly indicated the existence of a bright layer between Er 2 O 3 layer and SUS substrate in both samples. Chemical analysis was performed for the region indicated a A-AA line in Fig. 3(b) using by EDS. Figure 4 shows its result. Light elements, for example, O, C and N were not visible in this line analysis, so these elements were negligible in this figure. The unknownlayer between Er 2 O 3 and substrate includes Fe and Cr. The inserted figure is the EDS profile obtained for the mid-point of unknown layer, and it includes oxygen. Figure 5 shows STEM images and STEM-EDS maps obtained for the same sample of Fig. 3(b) . An unknown layer is clearer than a conventional TEM image and it has complicated morphology between Er 2 O 3 and substrate. The comparison between BF-STEM and HAADF-STEM images, crystal columns of Er 2 O 3 grow like as the dendrite in cast metal samples, which has just on direction, and there are also some nucleation sites in the unknown layer marked by white arrows. Figures 5 (c and (d) show Fe-K¡ and Cr-K¡ EDS maps. According to these EDS maps and the line analysis of Fig. 4(a) core, and it is mostly formed dendritic mechanism like as molten metals. And then, it grows perpendicular to the substrate to form columnar structure and these are filled up by branching of columns and those coarsening.
Conclusions
Morphology and microstructure of Er 2 O 3 layer fabricated by MOCVD method on SUS316 substrates before and after hydrogen permeation test were investigated by SEM and TEM. Results obtained are as follows:
(1) The surface morphology was granular structure with size of about 0.30.6 µm in diameter. Its result was in good agreement with the X-TEM observation. 
